Abstract: Metal-metal-, ceramic-metal-composites (MMC, CMC) and related functional materials are steadily gaining interest for practical applications. This invited overview paper is divided into three parts. First, the importance of interfaces in material science is emphasized, then basics of computer modeling of interfaces on atomic scale is outlined, followed by the description of some interface examples and their applications. Atomistic modeling requires the specific determination of the orientation relationship between both crystal lattices facing the heterogeneous interface, the interface plane, and translation vectors of two facing crystals. Examples of the atomistic structure are described in this paper for interfaces, such as MgO/Ag, MgO/TiN, Al 2 O 3 /Fe, and others. The trend in this research is gradually, but steadily shifting from structural towards functional materials, because atomic binding at interfaces offers a broad spectrum of new properties to be utilized for applications.
Introduction
While atoms are the smallest units for solid-state physicists, interfaces are the smallest building units for material scientists. Heterogeneous interfaces between two different types of materials change the chemical bonding and new properties are formed. This review focuses on inorganic materials, such as metals, semiconductors, ceramics and the interfaces in between, but just as a vision for future development of interfaces, the invention of a new adhesive material -super-gecko‖ is reviewed. Bio-inspired research found first the reason for [1] , then the mechanism of setae [2] , and finally it OPEN ACCESS could be mimicked as synthetic composites [3] with further improvement [4] . Reversible interfacial bonds are considered to be realized by van-der-Waals bonds. Metal-ceramic-interfaces are formed by the other three types of atomic bonds, hence strongly and irreversible bonded, and can only be release under special hydrogen treatment [5] . Metal-ceramic-interfaces have been known for long-time as enamel in pottery [6] , and became popular as a research topic when atomistic-scale analysis of metal-ceramic-interfaces became possible by high-resolution transmission electron microscopy (HRTEM) around 1985 [7] , and soon afterwards by ab initio simulations [8] [9] [10] and finite element modeling (FEM) [11] . Since then, metal ceramic interfaces with advanced mechanical properties play an important role as thermal barrier coatings (TBC) on high temperature materials, for example yttria stabilized zirconia (YSZ) coated on Ni 3 Al turbine blades. Many reviews have been published [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Interfaces came again into the focus of public society, when in 2007, both the Nobel prizes for chemistry and for physics were awarded for interface research: thin films on surfaces enhance chemical reactions [22] and opened the door for research on environmental protection [23, 24] , and thin interface layers show giant magneto resistance (GMR) [25, 26] . This development shows the trend that functional materials demand more and more interface research, because possibilities for applications increase. Representative examples of present research on inorganic interfaces are thermal-barrier coatings (TBC) [27] [28] [29] [30] , hard TiN-coating [31] [32] [33] [34] [35] , superconductors [36] , and as functional components in microelectronics [37] [38] [39] [40] [41] [42] , transparent conducting oxides (TCO) [43] [44] [45] [46] , photovoltaic materials [47] , thermo-electrics [48] [49] [50] [51] [52] , ferroelectrics [53] , magnetic materials or spintronics [54, 55] .
This paper focuses mainly on metal-ceramic interfaces, but other inorganic crystalline interfaces are partly included because their principles are similar, while organic materials are excluded. First, we describe the manufacturing methods and the motivation as to why interfaces gain interest, followed by a description of how to build an atomic model of interfaces. The main part of this paper, Section 4, describes experiments and modeling of interfaces on an atomic scale and their influence on properties. The last sub-section explains the electron transport and the device geometry.
Increasing Importance of Inorganic Interfaces
Research on metal-ceramic interfaces and their composites is steadily growing as they offer possibility for new electronic devices or mechanical parts with better properties. In a broader context, Figure 1 summarizes the characteristics of competitive joining and deposition techniques for manufacturing inorganic thin films or interfaces in composite materials in general. Mechanical deposition is cheapest and can be performed by spraying, painting, spin-or dip-coating. Physical deposition can be categorized into mechanical bonding, condensation or sputtering. Bonding means usually applying pressure and temperature, in the case of diffusion bonding, while surface activated bonding (SAB) is used in microelectronics after the discovery that cleaned and atomically flat polished surfaces can be bonded with relatively low pressure and low temperature [37, 38] . In the case of soldering, brazing and welding, often lubricants or inserts are added and the temperatures are higher. Selective laser sintering (SLS) is one of the recently developed processing methods for 3D printing, which is one of the methods for additive manufacturing. This so-called additive manufacturing (AM), a relatively new processing technique, piles up successively layer-by-layer of material, making rapid prototyping of devices or interface research reasonable cheap. The next column in Figure 1 shows condensation methods. Most of these methods require a vacuum, such as physical vapor deposition (PVD), with the exception of liquid phase epitaxy (LPE). The next column shows the sputtering techniques, such as molecular beam epitaxy (MBE), radio frequency (RF) magnetron or pulsed laser deposition (PLD). These rather expensive methods with their slow growth rates usually guarantee atomically perfect epitaxial growth with strong bonds. Finally, the traditional methods of metal or enamel plating are shown in the last column. Chemical bonding methods are usually cheaper than others are, but require relative expensive precursors for sol-gel, Langmuir techniques, atomic layer deposition (ALD), chemical solution deposition (CSD). Magneto-optical or plasma enhanced chemical vapor deposition (MOCVD, PECVD) require gas flow. Important process parameters are substrate temperature [42] , vapor pressure and power. With each new decade, new techniques arise; this list is probably incomplete and needs to be updated soon.
Thin films coating for improving mechanical properties started from mechanically surface hardened steels, then proceeded to coated drills and TBC for turbines. Nowadays coatings and especially metal-ceramic interfaces have become essential for many other applications, such as semiconductor devices, transistors, diodes, integrated chips, optical thin films, sensors for gas, electric or magnetic fields, actuators, manipulators, magnetostriction devices, and devices for heterogeneous catalysis. These applications for microelectronics, photo catalysis, photovoltaic, as thermal barriers, or for corrosion protection, are a few but representative examples. Figure 2 shows one of the most urgent fields of research in our age, finding new technologies for energy supply. While solar cells were initially invented on poly-and single crystalline bulk-Si, they soon changed to thin-film technology, because devices can be built cheaper without reducing performance. Such a learning curve as in Figure 2 can be drawn for any technology and describes the production cost as dependence on the installed number of equipment; data are taken from [50] . Thin-film photovoltaic became much cheaper than those based on crystalline materials, so the opinion became popular that the same trend should occur for thermoelectrics and as a result, many TE thin-film research projects were proposed. Such self-promoting trends are the driving force for new technologies, such as 3D-printing and additive manufacturing. This field of research will gain further popularity in the near future. Planar thin film geometry is only one of many other possible interface geometries. Figure 3a shows on the x-axis a typical geometrical parameter, such as inverse aspect ratio r x /r y or inverse bending radius 1/r x . A simple planar interface has 1/r x << 1, round particles have r x /r y = 1. The geometry becomes more complex [56, 57] , when the aspect ratio r x /r y > 1 forming rods, or tubes, or even more sophisticated grain boundary precipitates. The parameter on the y-axis is the constraint, which means whether an interface is in its relaxed state (low constraint) or far from equilibrium (highly disturbed). The more sophisticated a processing technology becomes, the more parameters are possible. Thus, these artificially produced interfaces contain highly non-equilibrium states or phases, requiring post-annealing for stabilization. Examples for interfaces far from equilibrium are those in spark-plasma sintered (SPS) composites [58] , spraying of TBC-surfaces with high mechanical pressure, or plasmacoated composites incorporating a large amount of defects. On the other hand, some metastable phases have a rather long-term stability [59] , if kept below moderate temperatures.
As the complexity [56, 57] increases from bottom left to upper right in Figure 3a , we proceed from relaxed natural planar interfaces to constrained or bended interfaces with more possibilities for engineering their properties. There has been a debate whether inserted layers at interfaces are thermodynamically stable or better considered a separate phase called -complexion‖ [56] [57] [58] . When the diameter of particles decreases below 10 nm, so-called nano-size effects occurs, see Figure 3b ,c. The first one, as shown in Figure 3b , is the well-known ratio of atoms sitting at well-defined crystalline positions versus those sitting at the grain boundaries. The later atoms experience reduced coordination numbers and disturbed positions. The ratio of such amorphous-like bonded atoms increases from less than 1% in polycrystalline material to more than 50% in nano-cyrstalline material, when the grain diameter drops below 10 nm. This effect was found on nano-crystalline materials and confirmed by HRTEM-studies [60] . The second nano-size effect ( Figure 3c ) mainly changes the properties of functional materials. While a planar interface has an infinite bending radius, the amount of bending as expressed by the inverse radius 1/r x increases in one axis when we bend it to a rod. If we bent in two axes, we get a disc or tube. If we bent the interface in three axes, we get round-shaped particles. Molecular Dynamics (MD) calculations [61] showed that concave surfaces like spheres increase their interface energy, hence making them more reactive, when the radius decreases below a critical one of about r c < 10 nm. On the other hand, the surface energy of nano-pores decreases below r c . The smaller they become, the harder it is to extinguish them, which means they are self-stabilized. This splitting in physical properties below a critical radius can be used for engineering purposes, as indicated by calculations of the author [61, 62] and confirmed experimentally by others [63] . One popular example for functional nano-materials are isolated Fe-particles with their ability of fast spin response to applied magnetic fields. When their radius drops below 10 nm, they show enhanced magnetic properties, which demonstrate the highest coercitivity [64] . A small diameter is best for a fast response. However, for stabilizing metallic nano-sized particles, their surfaces need to be passivated by oxide layers in order to prevent agglomeration [64, 65] . Such core-shell nano-powders became popular after reasonable coating techniques were available. Figure 4 shows the volume fraction of V coating /V core as a function of particle radius and coating thickness, showing that particles with small radius and thin coating layer thickness are desired.
Atomistic Simulations
Heterogeneous interfaces are interfaces between materials with different chemical composition and/or crystal lattice or orientation. When the interface is naturally formed, in most cases a defined orientation relationship between both lattices occurs, which has its origin in the fact that long-range coulomb forces want to keep atom positions of both lattices in concordance with each other even across the interface. It has been proven that the interface strength is higher when the so called coincidence site lattice (CSL) has higher density. The interfaces are distinguished in coherent, semi-coherent or incoherent interfaces, whether the lattice spacing structure of both lattices matches perfectly, matches partly, or not at all. A rule of thumb states that perfect matching occurs up to a lattice mismatch of tensile or compressive stress up to ±5% or ±10%. This limit of elastic distortion on nano-scale differs for each material combination. The elastic deformation accommodates the difference in lattice spacing and causes changes in the materials properties. In the case of thin films, this strain can be used for engineering purpose and an example is the band-gap of TiO 2 described in Chapter 4.4. In the following paragraphs, we will focus on coherent interfaces, and examples are shown in the next section.
When the mismatch between the two facing lattices becomes larger, elastic strain is not sustainable anymore and misfit dislocations are formed. Finally, when the strain exceeds more than ±20%, the role of the interface almost disappears. Such random interfaces are by far the most common ones, but we will exclude them from now on, because they cannot easily be controlled and their complexity prevents engineering. Some interfaces are likely to form amorphous regions at the interface plane, some show segregation, or even grain boundary precipitates, or enhanced diffusivity with large change in chemical composition.
Coherent interfaces can be treated by bi-crystallography. Similar to grain boundaries, the same rules as in crystallography can be applied to the two heterogeneous lattices facing an interface. The only difference is that additionally the atom can change its type, while the crystallographic site is maintained across the interface. Interfaces between metals and their oxides tend to keep the anion site position across the interface [7, 8, 13, [15] [16] [17] , even though the larger oxide lattice changes the symmetry. FeO and ZrO 2 possess fcc anion sub-lattices, while their metal phase is different. On the other hand, at interfaces between different oxide materials, the cation sub-lattices are maintained, because of the larger volume of oxygen ions.
The two lattices have a certain orientation relationship, which can be expressed by a rotation axis and angle. In practice, however, it became much more popular to express the two facing planes and directions. For example, in the case of thin films, the substrate has a certain surface and by X-ray diffraction (XRD) or TEM, it soon can be analyzed whether the thin film fits to that. These experimental data are necessary for modeling, as many different combinations of coherent interfaces could be possible.
The procedure for modeling interfaces on atomic scale is sketched in Figure 5 . First, we need the crystallographic information of both lattices, namely their lattice parameters, symmetry group and atomic positions inside the unit. Then we rotate both unit cells according to the orientation relationship. This makes it necessary to transform crystals with six-fold symmetry to a rectangular cell, because it is easier for us to think in three dimensions. In other words, it has become common to transform each of the two facing crystals of an interface to a coordinate system with x-and y-axes parallel to the interface plane, and z-axis perpendicular to it. The example in Figure 5a shows in red a metal lattice unit, expanded several times on x-, y-, z-axes, in order to fit to the lattice constants of the ceramic lattice. The matching in z-direction is also important, because most MD and ab initio software programs use periodic boundary conditions. When putting both of the two lattices together, we have still three parameters of freedom that are the relative translation vectors within the interface plane or perpendicular to it. Experimentally they cannot be determined by XRD, only by HRTEM. If they are not known, an initial guess is usual obvious, but checks by Molecular Dynamics (MD) or ab initio MD (aiMD) runs are necessary. There is one last important item to be checked before a MD simulation is started, that is the individual relaxations of atoms close to the interface plane. If two atoms have a bonding distance too close to each other in the input configuration, one of them needs to be removed. With relaxed structures, ab initio simulations can finally be started for the calculations of properties. The goal of this simulation is to find the stable structure of an interface, which is the base for further properties calculations. Similar as in single crystals, the crystallography of interfaces, so-called bi-crystallography has become an own field of science. It is the goal to find and characterize the structural units, which are formed at the interfaces and which are usual different from bulk units due to their difference in bonding partners. When the MD simulation has reached a low energy state, how can we be sure that this an interface model close to reality? Usual this question is answered by its success, namely when we reach the same final structure and state from different input structures. With this relaxed structure further simulation of properties can be performed. As such, interface modeling requires many steps, usual only interfaces with simple or obvious structures are calculated, as shown in the next section.
The experience with MD-simulations showed that as in any simulation too, the MD method is an approximation and strongly relies on interaction potentials. Sometimes the lattice constants can differ slightly from the real ones with an error usually less than 10%. Due to the small deviation in the lattice constant, the result of calculating the distance of misfit dislocation has changed, and one should be aware of the limitations of such simulations. The main MD result of this interface could confirm the formation of stacking fault at the interface [66] . After the structural model of an interface has been established, we can now proceed to properties as shown in the next section.
Experimental and Calculation Results
The following examples show main principles of interfaces in structural and functional materials. We start from simple interfaces, then we explain the strained thin films with its large engineering impact, and close with confined electron transport on interfaces.
MgO/Ag Interface: Change of Electron Density
When studies of metal-ceramic interfaces became popular, metallic thin films were sputtered onto MgO substrates, because MgO single crystal can be grown easily and by cleavage (100) surfaces obtained [15] [16] [17] . Furthermore, the lattice constants of noble metals like Ag, Cu, Au are similar to MgO (100) surface forming a coherent interface with cube-to-cube orientation. Figure 6a shows the first meaningful ab initio simulations based on density-functional theory (DFT) of a metal-ceramic interface (Ag/MgO) [8] , soon confirmed by others [9, 67] . [8, 18] ).
The astonishing result was that the contour plots of the charge density at Ag-Mg-bond at the interface are neither covalent like in MgO, nor metallic. As shown in Figure 6a on the left, the electron charge at Ag is enhanced, while on the MgO it is decreased forming bonds that are unique for this interface.
MgO/TiN/GaN Interface-Avoiding Misfit Dislocations
The next example of a ceramic-ceramic interface (Figure 6b ) illustrates the suppression of misfit dislocations in an AlN thin films sputtered onto a MgO substrate, for details see [68] . As the mismatch between the MgO and AlN lattice constants would be too large, an intermediate buffer-layer of TiN, 40 nm in thickness was sputtered first. The buffer layer successfully avoids the misfit dislocation as confirmed by the image filtered micrograph. As marked by an arrow on the right side of Figure 6b , only a single dislocation at the MgO/TiN interface is detected. As TiN has the same crystal structure as MgO (NaCl structure), the interface between both is hard to detect in the TEM micrographs. Only the absorption contrast due to heavier Ti atom changes the appearance. The orientation between the hexagonal AlN lattice with wurtzite crystal structure and the cubic TiN has the common relationship (0001) AlN//(111) TiN. In addition, this interface shows perfect coherence on atomic scale.
In contrast, misfit dislocations with screw character can contribute to ductility of intermetallic phases as observed at TiAl/Ti 3 Al interfaces [69, 70] . The relationship (0001) hex //(111) cub between hexagonal and cubic lattices is very common at metallic or intermetallic interfaces, because lattice planes with large atomic density face each other. When the cubic lattice becomes slightly tetragonal distorted, a large variety of sets of misfit dislocations can occur, either in one, two or all three directions depending on the c/a ratio of the tetragonal distortion. Such tetragonal distortion can be adjusted in a wide range by additions of Cr and hence could improve the ductility of this alloy.
TiO 2 /SrTiO 3 and TiO 2 /Al 2 O 3 Interfaces: Strain Engineering of Epitaxial Grown Thin Films
In the following paragraph, we show the change of properties by interface engineering of the photocatalyst material TiO 2 which crystallizes in anatase as well as in rutile. For reduction of the band gap, suitable substrates for epitaxial thin film growth were considered. As explained in Section 2, there is a narrow window for manipulating lattice parameters of thin films, when the spacing of substrate provides a strain in compressive or tensile direction of ±5% or ±10%. When the strain becomes larger than this limit, misfit dislocations are formed and the lattice relaxes. This possibility of engineering can be used for functional materials, as the band gap strongly depends on the strain, as confirmed by ab initio calculations. Any smaller band gap width compared to the usual one of around 3 eV would be beneficial to order to increase the photo catalytic conversion efficiency. Thin film growth with magnetron sputtering showed that in the case of SrTiO 3 (100) substrates anatase is grown, while on Al 2 O 3 (0001) substrates rutile thin film are grown, but unfortunately in both case the unit cell shrinks, which means for both anatase and rutile a widening of the bandgap [71, 72] . In a subsequent paper [73] , based on these data, we predicted several suitable substrates, such as ZrO 2 , SnO 2 and Cu 2 O for decreasing the bandgap of TiO 2 -thin films. Many of these thin film combinations were realized in the meantime, which confirm the advantages of photo catalytic band gap engineering and the improvement of properties [74] [75] [76] without citing the source of this idea [73] .
Fe/Al 2 O 3 Interface: Model Experiment for Interface Bonds
The interface between iron and alumina was and is still an object of investigation because of its technological importance. We review here a model experiment, which was suggested for investigating atomistic studies at metal-ceramic interfaces in general. An Al 2 O 3 -Fe 2 O 3 ceramic composite is annealed in a furnace, in which the Oxygen pressure is then gradually decreased. This so-called internal reduction [77] decreases the Oxygen partial pressure in such a way that metallic Fe and Al 2 O 3 are stable, when region 5 in the phase diagram of Figure 7a is reached. The reaction starts from the surface, where the Oxygen is gradually reduced, and hence Fe particles are formed within the alumina matrix (Figure 7b ) [78] . As the precipitates grow slowly, their interfaces have reduced interface energy with facets parallel to low-index alumnia lattice planes (Figure 7c-e) . The HRTEM micrograph of the interface A showed under certain focus conditions white dots in the alumina lattice and black dots in the Fe lattice, both could be matched to image simulations shown as in insert in Figure 7d . The results confirmed an O-Fe bond at the interface, while in the case of the Al 2 O 3 -Cr interface the Al-Cr bond is preferred [78] . Which case occurs depends on thermodynamic affinity.
Such experiments are important to find out the interatomic bonding at interfaces in order to control their properties. The opposite process of internal reduction is called internal oxidation. In a metallic alloy, the oxygen pressure is increased until of oxide particles within the metallic matrix are formed. This leads to special precipitation hardening of metals, while the internal reduced ceramics with their incorporated metal particles are used for example as ceramic cutting tools with increased wear resistance, toughening and durability.
Phenomena on Other Inorganic Interfaces
In functional materials, interfaces in general create a large change in properties, inorganic substances between materials with large dielectric constant (high-k) and with low-k [79] are of great importance for waveguides, laser diodes and other electronic devices. Such an example is the Al 2 O 3 /GaN interface [80] , and structurally equivalent Alumina-Wurtzite-interfaces have been investigated as well. The lattice constants of GaN, AlN or ZnO are similar, as the behavior of anions and cations are. We report here MD-studies [81] on the Al 2 O 3 /ZnO interface [18] with the experimentally found relationship shown in Figure 8a . In both lattices, the base plane is facing each other, but with an in-plane rotation of 30°, as confirmed by XRD. The length of the supercell fits to the extended atomic distance, so that it contains one period of matching. In the case of zinc oxide five oxygen-oxygen bonds fits to six oxygen-oxygen bonding distance of Alumina in the cross section in Figure 8b . Starting from four models on atomic scale with different translation vectors, we found that all input structures finally yield to two configurations, one of them is shown in Figure 8b , in which Zn-O-tetrahedrons marked in red are pointing towards the interface. As ZnO is a ferro-electric material, we should emphasize that there is another configuration with opposite tetrahedron orientation, not shown here. The astonishing result of this MD simulation is that the interface structure consists of alternating units, in some parts the Al-O bond of alumina is formed marked by the blue units, in some parts the ZnO-bonds. In the planar view, we see that in the interface plane both units are co-existing. One explanation for this phenomenon was confirmed by studies on the free Alumina surface [81] . Whatever the initial start configuration is, always both Oxygen, and Aluminum atoms migrate to the surface, and maintain the charge neutrality at the surface. The model of the interface contains these structural units in periodical distances. Because at the interface of these two hexagonal lattices, the Corundum and Wurtzite structures are facing each other, misfit dislocations in three directions are present between these structural units and were confirmed in experimental studies [82] .
Studies on functional interfaces improve semiconductor properties, such as Nb-doped SrTiO 3 with perovskite structure [83] [84] [85] [86] [87] . When during processing from TiO 2 the amount of SrO is increased, natural nano-scaled Ruddlesden-Popper superlattices (SrTiO 3 ) n (SrO) m are formed. At the interface, the (TiO 6 ) 2− octahedrons are slightly expanded, because SrO has lower electron density [86] . On the other hand, an artificial superlattice (SrTiO 3 ) x /(SrTi 1−z Nb z O 3 ) y increases the electron density [87] . As a consequence, the effective electron mass is increased, and hence, this material shows a giant Seebeck coefficient of . The mechanism is known as electron confinement in a two-dimensional electron gas (2DEG) occurring also at other thermoelectric composite materials with Perovskite structure [87] [88] [89] [90] . We have found that similar phenomena are occurring also at half-Heusler phases, which was later reported in [91] without citation. (Ti,Zr)NiSn is a good thermoelectric bulk material with a fairly high Seebeck-coefficient of S = −0.25 mV/K [51, 81, 92, 93] . When sputtering a thin film with a thickness of 1 μm on different substrates, the trend could be confirmed that the electron donating substrate Cu is beneficial for large Seebeck voltage [51] . The electric field at the p-/n-type interface is sucking electrons into the interface [49, 51, 86, 89] . Further studies are needed to confirm which criteria are necessary for increasing the mobility and preventing recombination. The suggested mechanisms in controlling atomic structure of interfaces opens new possibilities in improving materials properties by interface engineering.
Outlook: Additive Manufacturing Allows Efficient Optimization of Device Interface
In this report, we have studied the atomic structure and properties of several interfaces. The interface is the smallest unit to build new functional materials or meta-materials with special designed properties superior to bulk materials. The implementation of innovative interface geometries is one of the central research topics for optimizing functional materials. When additive manufacturing becomes more popular, the demand for stable and functional interface research will grow. To develop the next-generation of environmental-friendly power generators these new possibilities provided by advanced thin film growth technologies and micro-fabrication technologies need to be utilized. There already exist reports of metal ceramic interfaces manufactured by a 3D printer [41, 94, 95] .
Conclusions
This overview article describes atomistic studies of metal-ceramic interfaces. (4) The atomistic structure determines bonding and other properties, especially in functional materials the transport properties like 2DEG or GMR are influenced by new possibilities of the bonding partners. In addition, from the viewpoint of new additive manufacturing techniques such as 3D-printing of composites, compounds or their constituents, this field of science will see a large gain in importance in near future.
